Optimizacija parametara rezanja pri procesu struganja. Predviđanje glavne sile rezanja pri struganju je od velikog značaja jer pomaže u određivanju odgovarajućih parametra rezanja pre početka obrade. Optimizacija parametara rezanja je jedan od najvažnijih elemenata u svakom procesu planiranja obrade, ekonomičnost obrade koja igra ključnu ulogu u sticanju konkurentske prednosti. Ovaj rad predstavlja eksperimentalnu studiju glavne sile rezanja pri struganju čelika AISI 1040 i razvijanju modela glavne sile rezanja podržanog RSM (metoda odzivne površine) metodologijom, kao i optimizacija parametara rezanja korišćenjem genetskog algoritma ( GA ). Empirijski model glavne sile rezanja je razvijen na osnovu eksperimentalnih rezultata. Eksperimenti su vršeni s obzirom na tri parametra rezanja: brzina rezanja, pomak i dubina rezanja kao ulazne promenljive i glavna sile rezanja kao izlazna promenljiva. Dobijeni model je proveren pomoću seta novih eksperimentalnih vrednosti korišćenjem metode srednje apsolutne greške. Takođe, primena Genetskih algoritama se koristi za optimizaciju parametra rezanja da bi glavnu silu rezanja sveli na minimum. Ključne reči: Metoda odzivne površine, genetskoi algoritmi, metoda srednje apsolutne greške, glavna sila rezanja.
INTRODUCTION
The most emerging needs of the modern metal cutting operation are to increase the material removal rate with better surface finish and high machining accuracy. These objectives can be achieved by reducing cutting temperature in the cutting zone. In metal cutting process, high cutting temperature and its detrimental effects are generally reduced by proper selection of process parameters. The selection of optimal cutting parameters is a very important issue for every machining process in order to enhance the quality of machined products, to reduce the machining costs and to increase the production rate. The cutting parameter optimization is also necessary in minimizing the cutting force during machining as the high cutting force can result many adverse conditions, likereduction in tool life, high power consumption, greater surface roughness, poor surface finish etc.
Optimization of process parameters in machining operations has been an area of interest for many researchers since 1950 when Gilbert presented an analytical procedure for determining the optimum cutting speed in a single pass turning operation. The selection of optimal cutting parameters in machining is a difficult task which involves the development of machining models and optimization algorithm able to optimize these models. Several mathematical models have been developed to establish the relationship between the cutting performance and the cutting parameters. Optimization of cutting parameters in turning which will ultimately minimize the cutting force requires a model in terms of those parameters. Optimization of cutting parameters involves the use of optimization algorithms and other numerical optimization techniques to optimize the machining models. An optimization problem consists of optimizing one or multiple objective functions while satisfying several constraints. Those objectives are often conflicting and incomparable like-the increase of rate of feeding brings about the growth of the production rate but also increases the cost of the operation due to excessive tool wear and decreases the surface quality because of greater roughness. However various optimization techniques for selecting process variables were developed. Vijayakumar et al. [1] used the ant colony algorithm for solving multi-pass turning optimization problems. The machining parameters are determined by minimizing the unit product cost, subject to various practical machining constraints. It has been established from this research that the ACO can obtain a near optimal solution in an extremely large solution space within a reasonable computation time.Saravanan et al. [2] applied simulated annealing (SA) and genetic algorithm (GA) to determine the optimal machining parameters for continuous profile machining with respect to the minimum production cost subject to a set of practical constraints. The constraints considered to this problem are cutting force, power constraints and tool tip temperature. It has shown that SA has performed slightly better than GA.
Sardiñas et al. [3] proposed a multi-objective optimization technique, based on genetic algorithmsto optimize the cutting parameters in turning processes: cutting depth, feed and speed. The proposed model used microgenetic algorithm in order to obtain the nondominated points and build the Pareto front graph. Two conflictingobjectives, tool life and operation time, are simultaneously optimized in this research. This research also remarks the advantages of multi-objective optimization approach over the single -objective one. Kolahan and Abachizadeh [4] also developed a simulated annealing algorithm to optimize machining parameters in turning operation on cylindrical work pieces. The turning operation usually includes several passes of rough machining and a final pass of finishing. Seven different constraints are considered in a nonlinear model where the goal is to achieve minimum total cost. The weighted total cost consists of machining cost, tooling cost and tool replacement cost. Their computational results show that the proposed optimization procedure has considerably improved total operation cost by optimally determining machining parameters. Srikanth and Kamala [5] proposed a real coded genetic algorithm (RCGA) and its advantages over the existing approach of binary coded genetic algorithm. The results obtained, conclude that RCGA is reliable and accurate for solving the cutting parameter optimization. Saha [6] used genetic algorithm (GA) to obtain the optimum cutting parameters by minimizing the unit production cost for a given amount of material removal for the multi-pass face milling process.The cutting parameters optimized were:cutting speed, feed and depth of cut. Car et al. [7] employed Genetic algorithm to obtain optimal cutting parameters in CNC turning that yield minimum machining time and minimum production cost. Ganesan et al. [8] applied Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) to determine the optimal machining parameters with respect to the minimum production time for continuous profile machining. Theresults obtained from GA and PSO are compared and it was found that PSO generates better results than GA. Using this technique machining time can be further minimized. Xie and Guo [9] combines genetic algorithms (GAs) with a pass enumerating method in selecting the cutting parameters that will minimize the unit production cost (UC) in multi-pass turnings. In the passenumerating method, the number of all possible rough cuts is calculated in order to divide the whole complicated problem into several sub-problems. The results show that the optimization approach can find the better results than other algorithms proposed previouslyto significantly reduce the UC.
Sahoo [10] used Response Surface Methodology (RSM) to develop a predictive model of surface roughness in terms of machining parameters in turningbased on experimental results and then used Genetic algorithm (GA) to optimize the machining parameter that results minimum surface roughness. Sharma and Subbiah [11] used artificial neural network (ANN) to optimize cutting parameters for surface roughness prediction in CNC turning. This research also concluded that ANN is a reliable method and it can be readily applied to different metal cutting processes with greater confidence. Korat and Agarwal [12] used Taguchi techniquesto optimize the effects of cutting parameters on surface finish and MRR of EN24/AISI4340 work material in CNC turning. The orthogonal array, signal to noise ratio and analysis of variance were employed to study the performance characteristics in turning operation. This research concluded that it is possible to increase machine utilization and decrease production cost in an automated manufacturing environment. Savadamuthu et al. [13] proposed an optimal fuzzy control schemedesigned by the Taguchi-genetic method in optimizing cutting parameters in turning. The orthogonal array, the signal-to-noise ratio, and the analysis of variance are employed to study the performance characteristics in turning operations of AISI 1030 steel bars using TiN coated tools.An Adaptive NeuroFuzzy Inference System (ANFIS) is proposed inthis paperto control a constant cutting force turning process under various cutting conditions which consists of two parts: predictor and the fuzzy logic controller. The step size of the predictor and the scaling factors of the fuzzy controller are adjustedfor ensuring stability and obtaining optimal control performances.The genetic method is applied to search for the optimal controlparameters of both the predictor and the fuzzy controller. Pansare et al. [14] employed Ant colony optimization algorithm (ACO) to obtain optimum turning parameters for minimum surface roughness valuein multipass turning operation. The cutting process had roughing and finishing stage andthe relationship between the parameters and the performance measures were determined using multiple linear regression, thismathematical model is used to determine the optimal parameters. The experimental results showed that the proposed technique is both effective and efficient. Davis et al. [15] optimized the cutting parameters (depth of cut, feed rate, spindle speed) in turning EN24 steel (0.4% C) with hardness 40+2 HRC by using Taguchi method. In this research turning operation werecarried out on EN24 steel by carbide P-30 cutting tool in dry condition.
The objective of this paper is to develop a model of main cutting force (P z ) in turning in terms of the cutting parameters: cutting speed (V c ), feed rate (S 0 ) and depth of cut (t)using the RSM method and then obtain the optimal value of the cutting parameters using a Genetic Algorithm (GA) approach. The optimal value of cutting parameters is so selected that will minimize the main cutting force required in turning and thus reduce the power consumption, tool wear, chatter and vibration and thus improves surface finish.The next section describes the methodology used for model formulation and optimization. The following section contains the formulated model of cutting force using RSM technique and then cutting parameters are optimized using GA in the next section. The last section involves the findings and conclusion of this research.
METHODOLOGY
This section is divided into two parts, section 2.1 describes the RSM methodology for developing the cutting force model and section 2.2 describes the GA approach for the optimization of cutting parameters.
Model formulation
To develop the model of the main cutting force (Pz) in terms of the cutting parameters: speed, feed rate and depth of cut in turning, Response Surface Methodology (RSM) is used in Minitab16 software in this research. Response surface method is found to be a successful technique to perform the trend analysis of cutting force with respect to various combinations of design variables including the cutting speed (Vc), feed rate (So) and depth of cut (t). It is a combination of experimental and regression analysis and statistical inferences. The concept of the response surface involves a dependent variable (Pz) called the response variable and several independent variables. If all of these variables are assumed to be measurable, the response surface can be expressed as:
Where, 'e' is the error which is normally distributed with zero mean according to the observed response. (3) . In this research, the depth of cut (t) has been kept fixed at 1.5mm. So, the main cutting force becomes the function of only the cutting speed (V c ) and feed rate (S 0 ). Thus, depth of cut (t) will not appear in the expression of the main cutting force.Again, after developing the model, validation of the model has been performed using different sets of cutting parameters values.
In the section 3, amodelfor the main cutting force (P z ) has been formulated and deviation of the model from the experimental values has also been computed using the Mean Absolute Percent Error (MAPE) method.
Computing methodology:Genetic Algorithm
GA is based on the mechanics of natural selection and genetics to search through decision space for optimal solutions. In GA, a string represents a set of decisions that is a potential solution to a problem. Each string is evaluated on its performance with respect to the objective function. The ones with better performance (fitness value) are more likely to survive than the ones with worse performance. Then the genetic information is exchanged between strings by crossover and perturbed by mutation. The result is a new generation with better survival abilities. This process is repeated until the strings in the new generation are identical, or certain termination conditions are met. GA is continued since the stopping criterion is reached.GAs are different from other search procedures in the three ways, firstly GAs consider many points in the search space simultaneously, rather than a single point; secondly GAs work directly with strings of characters representing the parameter set, not the parameters themselves and finally GAs use probabilistic rules to guide their search, not deterministic rules. Because GAs considers many points in the search space simultaneously there is a reduced chance of converging to local optima. In a conventional search, based on a decision rule, a single point is considered and that is unreliable in multimodal space. GAs consists of four main sections such as encoding, selection, reproduction, and termination [16, 17, 18, 19] .
GA has been recently employed in the machining parameter optimization problem with success. The main motivations behind using GA in cutting parameter optimization are that it can quickly scan a vast solution set. Bad proposals do not affect the end solution negatively as they are simply discarded. The inductive nature of the GA means that it doesn't have to know any rules of the problem -it works by its own internal rules. This is very useful for complex or loosely defined problems and unconstrained optimization problem. Genetic algorithms search parallel from a population of points so it can effectively explore many different branches of the tree at once and when a certain branch turns out to be non-optimal, abandon that search proceeding with other more likely candidates. They do not tend to be easily trapped by local optima, due again to the parallelism of their approach. The unconstrained nature of the objective function of the model proposed in this paper indicates a vast solution set and makes GA an ideal approach to solve this kind of problem within a short time with favorable solutions compared to other techniques.
Following steps summarized the working procedure of GA to solve the problem described in this paper.
i. Generate initial random population of chromosomes (V C , S O ). ii. Evaluate the fitness f(x) of each chromosome x in the population. iii. Create a new population by repeating following steps until it is complete. iv. Select two parent chromosomes from a population according to their fitness. v. Crossover the parents to form a new offspring with a probability. vi. Mutate new offspring at each of its position in chromosome with a probability. vii. Place new offspring in a new population. viii. Use newly generated population for next run of algorithm. ix. If the stopping criterion is satisfied or the generations are identical; stop the generation and return the best solution in current population. x. Go to step ii.
The GA approach is depicted in Figure 1 .
FORMULATED MODEL OF CUTTING FORCE AND ITS VALIDATION
The experimental values of the cutting speed, feed rate and main cutting force have been analyzed using the RSM technique to estimate the coefficients of the general expression of main cutting force (P z ), shown in equation (3) .After the analysis of the experimental values, the estimated regression coefficients of the second order empirical models are found which are given in the following table 2. Putting these coefficients in the general expression of the main cutting force (P z ) the expression of P z become: P z = 610.43-8.31V c + 4516.69 S 0 + 0.03 V c 2 -1562.50 S 0 2 -6.07 V c S 0 (4) Figure 2 shows the estimated three dimensional surface which represents the changes of main cutting force (P z ) with respect to the cutting parameters: cutting speed (V c ) and feed rate (S 0 ).
It is seen from the above figurethat cutting force increases when cutting speed is decreased and feed rate is increased. If the cutting speed decreases keeping the feed rate constant, cutting force increases and viceversa. Again, increase in feed rate keeping the cutting speed constant results an increase in the cutting force and vice-versa. Now, the model has been validated against some testing data. In finding the deviation of the empirical values of the cutting force from the actual values, Mean Absolute Percent Error (MAPE) has been calculated. It is seen that, the MAPE during training is only 1.25 % and during testing it is found to be 22.83%. This difference occurs because during training, error calculations were performed using the actual values that were used in modeling but during testing error calculation was performed using new actual cutting forces values. The following table 3 presents the MAPE value during training and table 4 represents the MAPE value during testing. R-Sq = 99.66% R-Sq (pred) = 98.70% R-Sq(adj) = 99.49% 
CUTTING PARAMETER OPTIMIZATION USING GA
To optimize the cutting force model depicted in equation 4, GA toolbox of MATLAB was utilized. Table 5 exhibits the major GA parameters selected in the toolbox for optimization.
During selection of parametres four parametres are considered (crossover fraction & function, mutation function & fraction) as most sensitive and different combinations of this four parametres are tried to determine the optimum values with a view to minimizing the objective function for different values of V C and S 0 [20] . For other ones we took the suggested default values of the software (MATLAB). For other applications in another environment one has to determine the optimum values at first. As it is only one time adjustment for a particular environment and set values of different parametres, it will not cause any trouble to practitioners.
Optimal results were obtained after 54 iterations. A lower bound [5.78, 0 .029] andan upper bound[251.33, 0.412] was used for two variables respectively cutting speed and feed rate. Optimized values of the cutting force function and other variables are summarized in Table 6 . Figure 3 depicts the graphic presentation of the simulation process with GA and figure 4 presents the final result window. 
CONCLUSION
Formulating a suitable cutting force model with respect to several criteria and constraints has been one of the most valued research topics for the researchers in the machining field for quite a long time. Again with recent advances in the field of expert systems it has become easier to optimize this model with the appropriate expert system. In this research, a model of the main cutting force (P z ) has been formulated during turning of AISI-1040 steel in dry machining condition, where the cutting force is considered as a function of the cutting speed (V c ) and feed rate (S 0 ). Using this model, the value of the cutting force can be predicted for a given set of cutting speed and feed rates. This will help in setting the machining parameters for a particular machining condition.It has been observed that, this model performs satisfactorily when tested against a new set of experimental data.Optimization of the cutting parameters has also been performed using GA to find the set of cutting parameters for which the cutting force value is minimum.However, in this research, depth of cut (t) is kept constant. But it may have significant effect on the main cutting force.This research can be extended by adding some significant machining variables and changing the machining conditions.Some promising opportunities for future research involve- Depth of cut can be incorporated as a machining variable rather than keeping fixed which will give better prediction of the cutting force.  This research can be performed in a wet machining environment using a cooling medium where, the flow rate of coolant can be considered as another variable.  Another model for predicting surface roughness can be developed and the parameters can be optimized for which the roughness will be minimum.
